The impacts of different nutrient additions (N + P, N + P + C, 4N + P, 4N + P + C, N + 2P) on the growth of algae and bacteria were studied in a microcosm experiment. Since alkaline phosphatase activity (APA) provides an indication of phosphorus deficiency, the higher value for algal APA in the treatments with excess nitrogen and for bacterial APA in the treatments with excess carbon suggested that, algal and bacterial phosphorus-limited status were induced by abundant nitrogen and carbon input, respectively. Bacterial phosphorus-limited status was weakened due to higher bacterial competition for phosphorus, compared to algae. In comparison with the bacterial and specific bacterial APA, higher values of algal and specific algal APA were found, which showed a gradual increase that coincided with the increase of chlorophyll a concentration. This fact indicated not only a stronger phosphorus demand by algae than by bacteria, but also a complementary relationship for phosphorus demand between algae and bacteria. However, this commensalism could be interfered by glucose input resulting in the decline of chlorophyll a concentration. Furthermore, the correlation between bacterial numbers and chlorophyll a concentration was positive in treatments without carbon and blurry in treatments with carbon. These observations validate a hypothesis that carbon addition can stimulate bacterial growth justifying bacterial nutrient demand, which decreases the availability of nutrients to algae and affects nutrient relationship between algae and bacteria. However, this interference would terminate after algal and bacterial adaption to carbon input.
Introduction
During the last decade, the relationship between algae and bacteria in aquatic environments had increasing attention (Caron 1994; Ietswaart and Flynn 1995; Trond et al. 2007 ). Concentrations and ratios of nutrient may, to some extent, both alter the relationship between algae and bacteria as well as their respective development trend (Bratbak and Thingstad 1985; Danger et al. 2007) .
It has been widely thought that algal exudates are the main carbon source for bacteria, while algae can also benefit from bacteria which may produce available nutrients through organic matter decomposition. In enrichment experiments, Kisand et al. (2001) found that the development of bacterioplankton depended on dissolved organic carbon (DOC) originating from phytoplankton at a great scale. As bacteria are usually energy-limited they can be highly dependent on algal organic exudates for their energy supply (Jansson 1988) . This relationship has been considered as commensalism, which can be changed by phosphorus and carbon availability (Bratbak and Thingstad 1985; Gurung et al. 1999) . For example, when the growth of algae and bacteria is limited only by phosphorus, the interaction between them is competitive. On the other hand, when bacterial growth is also limited by carbon, interaction between algae and bacteria becomes more complex. Mathematical models showed that a mutualistic situation could occur with the introduction of carbon flow from algae to bacteria, even if algae and bacteria compete with each other for inorganic phosphorus (Yasuaki and Hisao 2001) . Under steady state conditions, algal-bacterial competition for phosphorus is replaced by mutualism because bacterial growth is not strongly limited by phosphorus due to the carbon reduction. When competition for phosphorus is severe, bacterial growth may be simultaneously limited by carbon and phosphorus due to the decrease in extracellular carbon excretion by algae. Thus, the mutualistic situation could be expected due to carbon flow from algae to bacteria (Currie 1990) . Microcosm experiments provided evidence that, even in the absence of factors preventing competitive exclusion, algae and bacteria can coexist and sustain basic ecosystem functions, namely primary production and nutrient cycling (Daufresne et al. 2008) .
Mesocosm experiments suggest that the functioning of such a simple community only including algae and bacteria is far more complex than assumed in previous theoretical and experimental models (Hulot et al. 2001) . Hence, the research about the relationships between algae and bacteria needs to be paid more and more attention on the availability and demand for nutrients, especially phosphorus and carbon.
Phosphorus demand or limitation status among different species in aquatic ecosystem is usually expressed by specific indicator. For example, the dynamics of APA in different fraction (algal and bacterial APA) may be an indicator for algal and bacterial phosphorus deficiency. Alkaline phosphatases are usually localized on the cell membrane or in dissolved fraction, where they catalyze the liberation of phosphate from various organic compounds that are too large to be directly transported into the cell. Alkaline phosphatases production is not a general response to phosphorus starvation, but a species-specific or cell-specific feature (Strojsova and Vrba 2006) , depending on the interaction among species. There are many reports showing that extracellular enzymes can be secreted from algae, bacteria and zooplankton under conditions of nutrient limitation, but this pattern of enzyme production is variable with environmental conditions and species. Through an investigation of the variation of algal and bacterial biomass as well as APA, we sought to better understand the kinetic characteristics of phosphorus demand of algae and bacteria, which is helpful to sketch out the nutrient relationship between algae and bacteria.
In this paper, through treatments with different nutrient supply ratios in microcosm experiment, we investigated variations in biomass of algae and bacteria, nutrients, as well as APA associated to the various fractions and of specific APA (algal or bacterial APA referred to respective biomass). Our purpose was to better understand: (1) which nutrient (nitrogen and carbon) could induce algal and bacterial phosphorus-limited status, (2) under P-limitation, which kind of relationship existed between algae and bacteria, (3) whether organic carbon input (as glucose) can break up the original relationship, and (4) if so, whether the hypothesis is valid that organic carbon can limit algal growth.
Material and methods

Experimental design and sampling procedures
Phytoplankton bloom was initiated in the absence of large grazers in ten laboratory microcosms. Algae were collected on 16th December, 2006 from the surface water of a fish-pond nearby Lake Donghu with 32 km 2 surface area and 3-4 m average depth, on the alluvial plain of the middle basin of the Yangtze River in Wuhan city, China. Algal samples of 50 mL were filtered through 100 m mesh to remove large zooplanktons and mixed with 5 L spring water (K + : 2.5 mg L −1 ; Mg 2+ : 0.7 mg L −1 ; Na + : 32.5 mg L −1 ; Ca 2+ : 45.3 mg L −1 ; not detectable amounts for PO 4 3− , NO 3 − and dissolved organic carbon) and 5 mL Solution I (7.9 mM KH 2 PO 4 ) and 5 mL Solution II (126.4 mM KNO 3 ). After two weeks, the nutrients were exhausted and chlorophyll a concentration reached up to 50 g L −1 . The cultured algae solution was averagely distributed into ten 18-L cylindrical polycarbonate containers (height: 70 cm and diameter: 20 cm) with a small hole in the 15-L height and an aerating pump in the bottom for circulation. Spring water as medium was poured into all the containers connected each other by plastic tube through the small hole. A phytoplankton development was created by the addition of 0.5 mL Solution I and 0.5 mL Solution II every day (Phase I from day 1 to 17, the final concentration was 0.008 mg P L −1 and 0.058 mg N L −1 ). Hereafter, after removing the connection (Phase II, from day 17 to 33), five different nutrient amendments were set up in duplicate; these were Treatment N + P (Group A), Treatment N + P + C (Group B), Treatment 4N + C (Group C), Treatment 4N + P + C (Group D) and Treatment N + 2P (Group E) (see Table 1 in details). The spring water was used to continuously renew at 750 mL d −1 for each container, which was provided at a hydraulic renewal of 5% per day. The water renewal made it necessary to correct for the dilutions of each measured variable in order to compare changes in concentration over time. Air temperature was kept constant at 15 • C. Light was supplied with fluorescent tubes at 9 h light: 15 h dark cycles and a photon flux density of approximately 300 mol m −2 s −1 . The phytoplankton was dominated by Microcystis flos-aquae, Pediastrum duplex and Ankistrodesmus angustus. During the period prior to nutrient addition, samples were collected at an interval of 2-3 days. Before sampling, the water was mixed carefully with a stirrer. All chemical and biological measurements were made from each container in triplicate.
Chemical and biological analysis
Total chlorophyll a was measured by acetone extraction method. Water samples (0.1-0.2 L) were filtered through a Whatman GF/F filter and the absorbance was measured at 663 and 750 nm with a spectrophotometer after overnight extraction in acetone (96% V/V) (Lorenzen 1967) .
Soluble reactive phosphorus (SRP) was measured according to Murphy and Riley (1962) . The concentration of total dissolved phosphorus (TDP) and total phosphorus (TP) was determined by the method established by Golterman et al. (1978) . Dissolved organic phosphorus (DOP) was calculated as TDP-SRP. The concentration of nitrate (NO 3 − -N) was measured with the procedures described by Lu (2000) . Extracellular APA in the water samples was determined using a procedure modified from Gage and Gorham (1985) and Boon (1989) . Triplicate 5 mL water samples were supplied with Tris-HCl buffer (pH 8.5, final concentration 13 mmol L −1 ), Na 3 N (final concentration 5 mmol L −1 ), and p-nitrophenyl phosphate (pNPP, final concentration 0.3 mmol L −1 ), and incubated at 37 • C for 4 h. Absorbency of p-nitrophenol was measured spectrophotometrically at 410 nm in 1-cm cuvettes. Sterilized distilled water was taken as a blank. APA was determined in unfiltered samples (APA T ) and in samples filtered through 3 m and 0.22 m membrane filters (APA <3 and APA <0.22 , respectively). The contributions of APA to the coarser (APA >3 ) and finer (APA 0.22-3 ) fractions were calculated as follows: APA >3 = APA T − APA <3 , APA 0.22-3 = APA <3 − APA <0.22 (Chrost et al. 1984) . The coarser (APA >3 ) fraction, mainly from algae and small grazers, was conventionally defined as "algal" APA. The finer (APA 0.22-3 ) fraction was defined as "bacterial" APA, even though picoplanktonic algae present. The dissolved (APA <0.22 ) fraction was termed "free" APA.
Specific algal APA was expressed by algal APA: algal carbon content (g C L −1 ), the latter of which was calculated as 24.3 × chlorophyll a concentration (g L −1 ) + 29.3 (Schiüter and Havskum 1997) . Specific bacterial APA was expressed by bacterial APA: bacterial carbon content (g C L −1 ), the latter of which was calculated as 20 × 10 −9 g C per cell × bacterial numbers (cells L −1 ) (Lee and Fuhrman 1987) .
Bacteria were quantified using epifluorescence microscopy after staining the formalin-fixed bacterial cells (2% final concentration) with 4 ,6-diamidino-2-phenylindole (DAPI) according to Porter and Feig (1980) . Samples were sonicated for 2 min to disperse bacteria from the particles. Aliquots (1-2 mL) of water were stained with 50 L of stock DAPI (0.01%) solution, and filtered onto 0.2 mpore-size polycarbonate membrane filters at less than 200 mm Hg vacuum. Filters were mounted on slides with a drop of immersion oil and covered with a glass coverslip. Bacteria were counted using epifluorescence microscopy (Carl Zeiss JENA) through ten random fields with at least 500 bacterial cells per sample using immersion oil at a total magnification of 1250×.
Statistics
Fisher's least significant difference test and independentsample T tests were used to make comparisons among different nutrient treatments. The calculation of Pearson correlation coefficients as well as ANOVA analysis was performed using SPSS 13.0 for Windows to test for correlations between bacterial numbers and chlorophyll a concentrations.
Results
Nutrients
Almost all added phosphate was transformed into particulate phosphorus (PP) as evidenced by high TP, and low DOP and SRP content in all treatments except Group E with the highest SRP and TP level due to excessive phosphorus amendment during the Phase II. DOP accumulations did not occur in all groups throughout the experiment. In temporal profile, SRP content gradually increased in Group E, it remained relatively fixed and low level in other groups. TP showed the increase trend in all groups, especially Group E, and DOP was relatively stable in all groups (Fig. 1) . Additions of nitrate caused high inorganic nitrogen concentrations in Groups C and D during Phase II, while almost all nitrate was assimilated into organic form in the other groups (Fig. 1) . ANOVA statistics were done for the last day samples to assess the differences between treatments ( Table 2 ). The SRP concentration in Group E differed significantly from the other groups (p < 0.01), and the nitrate concentration in Groups C and D was the highest (p < 0.01).
Chlorophyll, bacterial number as well as their relationship
The chlorophyll a and bacterial numbers can effectively represent algal and bacterial biomass, indicating algal and bacterial developments. The chlorophyll a concentration gradually increased with time in Groups A, C and E, of which in Group A it was relatively low from day 23 to 30. In the last day, the chlorophyll a concentration in Group A was the highest (p < 0.05, Table 2 ). In Groups B and D it began to decrease on day 19, then rose from day 25 (Fig. 2) . Bacterial numbers in Groups A, C and E fluctuated, being quite different from those in Groups B and D, which showed a sharp increase around day 17. Compared with Group B, bacterial numbers in Group D were higher. The lowest bacterial numbers were observed in Group A (Fig. 2 ). There was a significant positive correlation between total bacterial numbers and chlorophyll a concentration in groups without carbon input during the Phase II (r = 0.862, p < 0.01), but no relationship (r = −0.113, p > 0.05, Fig. 3 ) for treatments with carbon input. The chlorophyll a concentration and bacterial biomass in Groups A, C and E differed significantly from the other groups, while no significant differences between Groups B and D were observed (Table 2) .
APA
Different fractions (algal, bacterial and free) APA have considered as a good indicator for phosphorus limitation of algae and bacteria, which presents the implications on the relationship of phosphorus utilization between algae and bacteria in total community level. Algal APA contributed to a major portion for total APA at most times and in most treatments (59.1% on average). Bacterial and free APA represented on average 17.1% and 23.8%, respectively. Free and bacterial APA showed a similar trend with a peak on day 19, while the algal APA began to rise after a steady phase (from the day 7 to 23). At the group scale, free and bacterial APA were higher in treatments with carbon input (Groups B and D, p > 0.05), while the highest value of algal APA was found in treatments with additions of nitrogen (Groups C and D, p < 0.05). The lowest values of both total and fractionated APA were observed in Groups A and E (p < 0.05, Fig. 4) .
In single cell level, we applied specific APA to describe the enzymatic activity of single algae or bacteria. Specific algal APA expressed by algal APA/chlorophyll a concentration showed a decline trend during the Phase I, and then began to rise gradually. On the contrary, specific bacterial APA expressed by bacterial APA/bacterial numbers increased sharply at the beginning, and then decreased at initial levels. Higher specific algal and bacterial APA values were observed in Groups B, D (p < 0.05) and A, C (p > 0.05), respectively (Fig. 5) .
Discussion
At group scale, the higher value for algal APA in Groups C and D as well as for bacterial APA in Groups D and B suggested that, under phosphorus deficiency, redundant input of nitrogen and carbon can stimulate algae and bacteria to produce alkaline phosphatases. This may be explained by the fact that nitrogen excess input consequentially led to phosphorus limitation for algae and stimulated algae to excrete alkaline phosphatase. On the other hand, excess inputs of glucose fuelled bacterial production and subsequently stimulated luxurious uptake for phosphorus, inducing the production of bacterial alkaline phosphatase. In the Sargasso Sea, bioassays have indicated that heterotrophic bacteria may be phosphorus limited, and at the same time the accumulation of DOC was observed (Cotner et al. 1997) . Therefore, algal phosphoruslimited status could be induced by redundant nitrogen input, while, when redundant glucose was introduced, bacteria were more sensitive to become phosphorus limited.
At time scale, during Phase I, continuous or sharp increase for bacterial and specific bacterial APA, as well as less variation or the decrease for algal and specific algal APA suggested that bacteria had higher ability than algae to acquire phosphorus. During Phase II, in comparison with the bacterial and specific bacterial APA, higher values of algal and specific algal APA were found, which showed a gradual increase that coincided with the increase of chlorophyll a concentration. This fact indicated not only a stronger phosphorus demand by algae than by bacteria, but also a complementary relationship for phosphorus demand between algae and bacteria. The different nutrient demand characteristics of algae and bacteria, and high dependency of bacteria upon the algal extracellular carbon appear to allow their coexistence in the same ecosystem (Daufresne and Loreau 2001) . Hence, it is suggested that bacterial growth probably depends on DOC released by algal exudates, and there is a nutrient-mutualism relationship between algae and bacteria, even under conditions of phosphorus and carbon deficiencies.
In our microcosms, it was noteworthy that glucose input immediately resulted in the decline of chlorophyll a concentration, which may be attributed to inorganic nutrient competition between algae and bacteria. Thus, our results support a conventional hypothesis that the addition of DOC may stimulate bacterial growth and activity, which in turn may motivate bacterial nutrient demand and change the availability of nutrients to algae as well as the competitive relationships between algae and bacteria. The highest values for the bacterial APA indicating high phosphorus demand occurred with glucose inputs. Due to the contradiction between phosphorus deficiency and high bacterial phosphorus demand in treatments with glucose input, and the fact that bacteria are considered as markedly superior competitors at natural phosphate concentration (Currie and Kalff 1984) , a severely phosphorus-limited status for algal growth could be expected to occur in our microcosm. Joint et al. (2002) suggested that a large increase in bacterial activity in the presence of added glucose had a negative effect on the phytoplankton and resulted in a decline in phytoplankton biomass, which was explained by the ability of heterotrophic bacteria to out-compete with algae for available inorganic nutrients.
However, the validity of this hypothesis needed to demand specific conditions and phases. In our opinions, this hypothesis would get incredible after algal and bacterial adaptions because we observed that chlorophyll a concentration began to increase after a week. In aquatic systems, the presence of DOC may affect algal growth in numerous ways. Klug (2005) found the effect of DOC on algal growth depended on the amount of nutrients and on bacterial response to DOC in a moderately colored lake. The degree to which bacteria are stimulated by the addition of DOC will affect the amount of phosphorus available for algal growth, which was confirmed for competition between algae and bacteria. In an Arctic pelagic ecosystem, when bacteria were limited by DOC, however, addition of labile DOC reduced phytoplankton biomass and activity, explained as the result of stimulated bacterial competition for mineral nutrients (Thingstad et al. 2008) . Furthermore, in our study, the different correlation between bacterial numbers and chlorophyll a concentration in treatments with and without glucose input further supported our hypothesis. Without glucose input, there is a positive correlation between algae and bacteria indicating mutualism. However, the lack of direct correlation in treatments with glucose input as well as subsequent increase of chlorophyll a concentration indicated this relationship was more complex than we expected and need to be estimated with more data and caution.
Our results about the relationship between algae and bacteria under different environmental conditions present some implications for natural aquatic ecosystem. The input or output of nitrogen or phosphorus in freshwater lakes seems not to change the commensalism between algae and bacteria. The nutrient limitation for algae and bacteria may be regulated by the production of extracellular enzymes. However, in lakes with high organic carbon input, algal growth is normally restricted due to the great bacterial development, resulting in the competition for inorganic nutrient between algae and bacteria. These results have an important significance on the strategies of algal bloom control in Chinese eutrophic freshwater lakes.
